In the 1980s, Gram-negative pathogens appeared to have been beaten by oxyimino-cephalosporins, carbapenems, and fluoroquinolones. Yet these pathogens have fought back, aided by their membrane organization, which promotes the exclusion and efflux of antibiotics, and by a remarkable propensity to recruit, transfer, and modify the expression of resistance genes, including those for extended-spectrum β-lactamases (ESBLs), carbapenemases, aminoglycosideblocking 16S rRNA methylases, and even a quinolone-modifying variant of an aminoglycoside-modifying enzyme. Gram-negative isolates -both fermenters and non-fermenters-susceptible only to colistin and, more variably, fosfomycin and tigecycline, are encountered with increasing frequency, including in Korea. Some ESBLs and carbapenemases have become associated with strains that have great epidemic potential, spreading across countries and continents; examples include Escherichia coli sequence type (ST)131 with CTX-M-15 ESBL and Klebsiella pneumoniae ST258 with KPC carbapenemases. Both of these high-risk lineages have reached Korea. In other cases, notably New Delhi Metallo carbapenemase, the relevant gene is carried by promiscuous plasmids that readily transfer among strains and species. Unless antibiotic stewardship is reinforced, microbiological diagnosis accelerated, and antibiotic development reinvigorated, there is a real prospect that the antibiotic revolution of the 20th century will crumble.
INTRODUCTION

GRAM-NEGATIVE BACTERIA
The defining feature of Gram-negative bacteria, distinguishing them from Gram-positive species, is a double membrane wall (Fig. 1) . The outer membrane excludes large or hydrophobic molecules, including glycopeptides, daptomycin, and rifampicin, and slows the entry of drugs that can cross it, augmenting the effectiveness of the next line of defense. These defenses include periplasmic-β-lactamases and cytoplasmic membrane efflux pumps, which scavenge amphipathic molecules-including antibiotics-that enter the membrane, pumping them back out of the cell [10] . The combination of impermeability and clearance explains why Gram-negative bacteria are inherently more resistant than Gram-positive species, and why new antibiotics active against them are harder to find [3] . Efflux is especially important in Pseudomonas aeruginosa, which has multiple pumps that render it resistant to many drug families active against other Gram-negative species [11, 12] .
Both Enterobacteriaceae (Escherichia coli, Klebsiella spp., Enterobacter spp., Proteus spp., Serratia spp.) and non-fermenters (Pseudomonas, Acinetobacter, and related genera) are important opportunist pathogens.
E. coli is-by a large margin-the most common agent of community and hospital urinary tract infections and the main aerobic component of the mixed flora in intraabdominal infections. P. aeruginosa, Klebsiella, and Enterobacter are important in nosocomial pneumonia, especially in patients with prolonged hospitalization.
Acinetobacter baumannii is less pathogenic, but notoriously causes outbreaks in the most vulnerable patients in intensive care units (ICUs). Gram-negative pathogens account for around half of all bacteremias, most of which arise due to bacterial overspill from other primary infection sites. In the UK, E. coli is the most common agent of bacteremia, causing 30% of all cases, whereas P. aeruginosa, Klebsiella spp., Enterobacter spp., and Proteeae each account for 4-8% of cases [13] . A few Gram-negative species are important classical pathogens; those remaining important in developed countries include Salmonella spp., Haemophilus influenzae, Moraxella catarrhalis, Neisseria meningitidis, and N.
gonorrhoeae. Others ranging from Vibrio cholenzae, to
Burkholderia pseudomallei remain important in developing countries, but lie beyond the scope of this review.
ANTI-GRAM-NEGATIVE ANTIBIOTICS
The first anti-Gram-negative antibiotics were sulfonamides, introduced in the 1930s; tetracyclines, firstgeneration aminoglycosides, and chloramphenicol then became available in the late 1940s and early 1950s, respectively. Two quantum leaps followed. The first delivered semi-synthetic penicillins and first-generation Outer layers of the Gram-negative cell. To reach its target, the antibiotic must diffuse across the outer membrane, normally via porins, which form water-filled channels and exclude large or hydrophobic molecules. The drug must then evade periplasmic β-lactamases and efflux pumps; depending on its target, it may also need to cross the cytoplasmic membrane, often by energy-dependent uptake. 
Resistance in Enterobacteriaceae, internationally and in Korea
At launch, third-generation cephalosporins were almost universally active against Enterobacteriaceae; ceftazidime was also active against P. aeruginosa and, express AmpC activity without induction [14] . These variants arise by spontaneous mutation in inducible (i.e., normal) strains, and the likelihood of their selection during therapy, with consequent treatment failure, is as high as 20-30% when third-generation cephalosporin is used to treat an Enterobacter bacteraemia [15] . Selection is associated with a doubling of mortality and a 50% increase in hospital stay and doubling of cost for survivors (Table 1) [16] . Piperacillin-tazobactam is also compromised, but seems to be less often associated with selection than are third-generation cephalosporins, although the reasons for this difference remain uncertain and one analysis did find similar selectivity [17] . Fourth-generation cephalosporins (cefepime and cefpirome) and carbapenems are more stable and less selective ( Table 2) .
Genes encoding AmpC β-lactamases have escaped from the chromosomes of Citrobacter and other genera to plasmids and are now circulating in E. coli and Klebsiella pneumoniae [18] . The enzymes they encode are variously called CMY, FOX, MOX and MIR types or, more usefully, 'plasmid AmpC.' Extended-spectrum β-lactamases (ESBLs) represent the second and greater plasmid-mediated threat to oxyimino-cephalosporins, affecting fourth-as well as third-generation analogues (Table 2) . The earliest ESBLs, first identified in the 1980s, were mutants of the plasmid-borne TEM and SHV penicillinases that had disseminated in E. coli and other Enterobacteriaceae in the 1960s and 1970s [19] . -52, and -116 are widespread in many countries [20, 21] .
TEM and SHV ESBLs spread during the 1980s and 1990s, largely in Klebsiella spp. and particularly in ICUs [19, 22] . Some strains caused major outbreaks, but did not substantially penetrate E. coli strains or spread in the community. This is surprising because E. coli strains with the progenitor TEM-1 enzyme are frequent in the human gut and must have been exposed to huge amounts of ceftriaxone, which was long the most widely used injectable antibiotic and has biliary excretion.
These ESBLs may thus present a burden to E. coli, but this aspect remains to be properly explored.
A massive shift in the distribution of ESBLs has occurred since 2000 with the spread of CTX-M types-a decade earlier in Argentina [23] . Unlike TEM and SHV variants, these ESBLS are not mutants of old plasmidmediated penicillinases. Rather, their genes originated in the chromosomes of Kluyvera spp., a genus of no direct clinical importance, and were mobilized to plasmids by insertion sequences, notably ISEcp1 [24, 25] . and Japan [20, 22] .
The prevalence of ESBLs (CTX-M and other types) Cases exhibited selection of AmpC-derepressed mutants during cephalosporin treatment of Enterobacter infections; controls are those in whom cephalosporins were used successfully, without selection of resistance [16] .
differs among patient groups and clinical and geographic settings. In the UK, around 10% of E. coli from bacteremias now have ESBLs -90% of them CTX-M types [26] -and producers are frequent in urinary isolates from geriatric patients, although denominators are poor, precluding accurate prevalence estimates. By contrast, their prevalence is ≤ 1% in community cystitis. Gut carriage of ESBL E. coli was seen in 40% of nursing home residents in Belfast (Northern Ireland), providing a reservoir for future urinary or intra-abdominal infections-which are frequent in these vulnerable patientsbut in only 1-2% of other outpatients whose stools were examined by the clinical laboratory [27] . Many studies have shown that community infections with ESBL E. coli predominantly affect older (> 65 years) patients with recent hospitalization and antimicrobial treatment, especially with cephalosporins or quinolones [28] . Travel in high-prevalence countries is a risk factor for gut colonization by ESBL E. coli, with travel-associatedstrains sometimes causing later urinary infections [29] .
The variability in ESBL rates among population groups should prompt caution when viewing national prevalence rates; these benchmark values are of less clinical importance than local rates in different patient groups. Despite this caveat, a rough international picture can be drawn. Multiple surveys have shown that the highest ESBL rates for E. coli and Klebsiella spp. occur in India (≥ 80%) and China (≥ 60%), [30] [31] [32] , with rates ≥ 30% elsewhere in East and Southeast Asia, Latin America, and Southern Europe vs. 5-10% in Australasia, Northern Europe, and North America [30] . Some studies have suggested that ESBL prevalence in India is equally high in community and hospital E. coli isolates [31] , probably reflecting unregulated antibiotic use coupled with recycling of gut bacteria by an overloaded sewage infrastructure [33, 34] . In Hong Kong, ESBLs were found in 7.3% of E. coli from uncomplicated community cystitis, including in 11/219 isolates from women aged 18-35 years, a much younger age group than typically affected by ESBL E. coli elsewhere [35] . A growing number of ESBL outbreaks has also been reported in neonatal units, likely due to the transfer of E. coli from the gut flora of one mother to her infant at birth, followed by spread among other infants in the unit [36, 37] .
The epidemiology of CTX-M ESBLs involves both plasmid dissemination and clonal success. CTX-M-15-the most prevalent enzyme-is most often encoded by IncF plasmids that are prone to multiple rearrangements [38] . In the case of K. pneumoniae, these plasmids are carried by diverse strains; some strains cause 
Carbapenem resistance
The growing prevalence of cephalosporin-resistant Enterobacteriaceae is driving the directed and empirical use of carbapenems, as the only widely marketed β-lactams stable to ESBLs and AmpC enzymes ( Table 2) .
Carbapenems retained near-universal activity against [25, 40] . This strain has played a major role in the dissemination of CTX-M-15 extended-spectrum β-lactamase (ESBL), but occasionally hosts other types. It occurs in Korea, where CTX-M-14 ESBL (not linked to a particular clone) is also widespread [48] . International dissemination of ST258 Klebsiella pneumoniae with KPC carbapenemases [68] . This lineage occurs internationally and has been reported in Korea [85] .
entry in strains already containing high levels of AmpC or an ESBL [62] . This is a common source of low-level resistance to ertapenem, especially in Enterobacter and Klebsiella, with resistant variants sometimes selected during carbapenem therapy [63] . However, this problem is limited because these variants are often unstable and tend to revert to susceptibility, rarely spreading among patients [64, 65] . Their porin deficiency likely impedes nutrition, reducing competitiveness. Much more concerning is the gradual proliferation of carbapenemases, which are biochemically diverse and include members of three of the four β-lactamase classes (A, B, D) .
KPC enzymes (class A, non-metallo) are currently the predominant carbapenemases emerging in Enterobacteriaceae [66] . [71] and has gradually spread worldwide, although it has not achieved great prevalence anywhere. VIM is more important; it was first recorded in P. aeruginosa in Verona (Italy) in 1997 [72] and then spread into Enterobacteriaceae, principally K. pneumoniae. By 2005, it was present in 40% of bloodstream K. pneumoniae from Greece, where it has subsequently been partly displaced by KPC enzymes [73] .
Clusters of K. pneumoniae with VIM carbapenemases are increasingly being reported worldwide, although they are less numerous than isolates with KPC enzymes. A further distinction is that VIM enzymes are not associated with any particular clone, whereas KPC enzymes are associated with ST258 K. pneumoniae. Although local outbreaks occur, the larger issue is the dissemination of bla VIM among K. pneumoniae, largely by IncN plasmids [73, 74] .
NDM-the most publicized metallo-carbapenemase-is epicentered in India, where it occurs in 2-8% of Enterobacteriaceae at teaching hospitals [75, 76] , and in Paki-stan, where 27% of inpatients at two military hospitals were carriers. bla NDM-1 , encoding the enzyme, is widespread in surface-water bacteria in New Delhi, implying community circulation. Enterobacteriaceae (and occasionally Acinetobacter spp.) with NDM carbapenemase have repeatedly been imported into Europe, Asia, North America, and Australasia by those who have travelled or been hospitalized in the Indian subcontinent [77] . As with VIM metallo-carbapenemases, spread is largely by plasmid transfer, not clonal dissemination [77] .
The (Fig. 4) [78, 79] . The main factor in its spread is dissemination of 50-and 70-kb plasmids carrying the bla OXA-48 transposon Tn1999 among Klebsiella strains [80] . A related enzyme, OXA-181, is circulating in India, where it seems less frequent than NDM-1 [81] . OXA-48 and -181 originated by separate mobilizations of chromosomal β-lactamase genes from Shewenella, a genus otherwise lacking clinical importance [79] .
To date, carbapenemase-producing Enterobacteriaceae have shown little circulation in Korea, although C. freundii and S. marcescens with VIM-2 [82] and K. pneumoniae [83] with KPC enzymes have been reported, and a very recent report described an outbreak cluster of K. pneumoniae with the NDM-1 enzyme [84] . Unusually, an S. marcescens strain with AmpC and impermeability caused an outbreak involving nine patients at a hospital in Seoul [65] . Most disturbing is the recent appearance of KPC + K. pneumoniae ST258. Only one producer has been reported to date [85] , from a urinary infection in Seoul, but this development should raise concern, given the strain's dramatic success elsewhere. KPC carbapenemases inactivate all β-lactams. Aztreonam is stable to the IMP, VIM, and NDM types, but these are often accompanied by aztreonam-hydrolyzing ESBLs. Similarly, although OXA-48 spares ceftazidime, it is often accompanied by ceftazidime-hydrolyzing ESBLs (Table 2 ). Resistance to non-β-lactams is variable, but many carbapenemase producers are susceptible only to colistin, tigecycline, and/or fosfomycin, none of which is an 'ideal' antibiotic. NDM carbapenemases are often accompanied by the 16S rRNA methylases mentioned earlier, compromising the widest range of aminoglycosides [59, 81] .
Non-fermenters
The prevalence of resistance in P. aeruginosa varies widely among countries. In Europe, resistance rates to aminoglycosides, carbapenems, cephalosporins, and fluoroquinolones are lowest (< 10%) in the northwest, particularly in Scandinavia, and highest (25-50%) in the southeast, particularly in Greece [86] . Rates are high in Latin America and Southeast Asia, and intermediate in the US [87] .
Most resistance among P. aeruginosa in Europe and North America involves mutations that restrict drug entry (the most common cause of carbapenem resistance), derepress chromosomal AmpC (as in Enterobacter, above) and up-regulate efflux [88, 89] . Acquired mechanisms are more important in resistance in Asia and Latin America and include different ESBLs to those most prevalent in Enterobacteriaceae, notably PER-1, which is widespread in Turkey [90] , and VEB-1, which first proliferated in Southeast Asia [91] . Metallo-β-lactamases are scattered and single-hospital outbreaks due to producers have occurred worldwide (Fig. 5) [92, 93] . These outbreaks are often prolonged, with cases scattered over long periods, probably owing to persistence in the hospital structure, e.g., in sink traps. In Brazil, a clone with São Paolo Metallo (SPM)-β-lactamase has disseminated among hospitals, achieving national distribution [94] . Elsewhere, P. aeruginosa ST111, which corresponds to serotype O12 and 'burst group 4,' is now a common host to VIM metallo-carbapenemases [68] . This lineage has a long history of acquiring resistance -20 years ago it often carried the PSE-1 carbenicillinase [95] . ST235 (serotype 11) is also a successful accumulator of resistance, frequently hosting IMP and VIM carbapenemases [68] .
A 2005 survey of 23 hospitals in Korea found carbapenemases in 10% of carbapenem-resistant P. aeruginosa, with VIM types 2.5-fold more common than IMP types [96] . The remaining 90% of carbapenem-resistant P. aeruginosa were inferred to have impermeabilitytype resistance. Subsequently, an ST235 clone with the IMP-6 enzyme has disseminated nationally [97] . In a 2009 survey of 21 hospitals, this strain accounted for 30/386 (7.8%) isolates and was recovered in 14 sites. As with NDM-1 in Enterobacteriaceae, bla IMP-6 in Korean P. aeruginosa is often associated with the ArmA rRNA methylase [98] .
The molecular epidemiology of A. baumannii, another important opportunistic non-fermenter, contrasts to that of P. aeruginosa, with resistance largely originating from the up-regulation of inherent chromosomal AmpC and carbapenemase (bla OXA-51 ) genes by insertion sequences, critically ISAba1, which migrate within the chromosome [99, 100] Metallo-carbapenemases also occur, with NDM recorded in A. baumannii (although not yet in Korea) and IMP in non-baumannii species, but these are extremely rare compared with OXA types [103] . A unique metallotype, Seoul imipenemase (SIM-1), has been described from A. baumannii in Korea, but it has not disseminated [104] .
As in Enterobacteriaceae, most resistance to non-β-lactams depends on acquired genes-not on mutation, as in P. aeruginosa. Acquired genes may be carried by plasmids or by massive 'resistance islands' inserted into the chromosome [105, 106] . Colistin resistance, as in one of the prevalent Korean clones, can arise via changes to membrane phospholipids and lipopolysaccharides [107, 108] , and resistance to tigecycline by up-regulation of the chromosomal AdeB efflux pump is sometimes selected for during therapy [109] . Reported outbreaks due to metallo-β-lactamaseproducing Pseudomonas aeruginosa. Most carbapenem resistance in P. aeruginosa, including in Korea, is due to porin loss, but carbapenemase producers occur and may be strongly persistent in some hospitals. Korea has a particular concern regarding a nationally distributed strain that harbors the IMP-6 enzyme [97] .
Fastidious Gram-negative bacteria
proliferating [110] , including in Korea [111, 112] . This development is driving a treatment shift to high-dose ceftriaxone, sometimes (as in the UK) combined with azithromycin [113] . Few other options are available if substantial resistance to these treatments emerges and, disturbingly, two reports have described gonococci with resistance to ceftriaxone and cefixime: one from Japan [114] and the other from France [115] . The first patient developed an oropharyngeal infection and recoveredperhaps spontaneously-during a second course of ceftriaxone; the second developed a urethral infection that was cured with gentamicin.
THE FUTURE
The range of antibiotic options to treat Gram-positive Ceftazidime-avibactam, another new inhibitor combination, is active against strains with AmpC, ESBLs, and KPC or OXA-48 carbapenemases [120] , and the neoglycoside plazomicin overcomes nearly all aminoglycosidemodifying-enzyme-mediated resistance [121] .
Nevertheless, each of these agents has gaps in its spectrum, and none provides such complete coverage as ceftazidime, imipenem, and ciprofloxacin did when they were introduced 20-30 years ago. CXA-201 lacks activity against Enterobacteriaceae with metallo-and KPC carbapenemases and shows borderline activity against some ESBL and AmpC producers [122] ; ceftazidimeavibactam lacks activity against strains with metallocarbapenemases, such as VIM and NDM [120] ; and plazomicin fails to overcome resistance mediated by ArmA and Rmt rRNA methylases [59] . Such treatment becomes more difficult as resistance increases, and multiple studies have shown that resistance to the empirical regimen leads to a near doubling of mortality in bacteremias [8] . One response is to start patients on the most powerful empirical antibiotic, typically a carbapenem combined with an anti-MRSA agent, and to 'de-escalate' once laboratory microbiology results are available [125, 126] . Although this strategy improves initial coverage, which may benefit the patient [127] , it has two pitfalls: first, hospitals frequently fail to enforce de-escalation when a susceptible pathogen is isolated; second, the approach does not specify the appropriate response when the patient still shows symptoms of infection but no pathogen is isolated. Both factors potentially lead to unnecessarily prolonged use of the broadest-spectrum agents, increasing the selection of resistance. The situation would be improved if microbiology could be accelerated, identifying pathogens and their resistances in hours rather than days, and without the need for culture [128] . Potential methods exist, including polymerase chain reaction or DNA arrays to seek species-and resistance-specific genes [129, 130] . Nevertheless, great challenges remain, especially with non-sterile-site specimens, in which DNA extracted from the pathogen becomes mixed with that from commensals.
If these challenges can be overcome-perhaps first for blood and other sterile-site specimens-results can be delivered to the ward far more swiftly. Such development would reduce the conflict between the individual, who currently may benefit from receiving the most powerful antibiotics, and society, which benefits if they are conserved. This goal is surely worthwhile because the alternative is a world where high-tech medicine becomes ever more hazardous as-owing to proliferating resistance-it becomes increasingly more difficult to treat infection empirically.
